Abstract-Based on differences in the permittivity of coal and limestone rock, a resonant cavity measurement technique is presented for the rapid determination of the proportions of coal and limestone in powdered mixtures. The ratio of the resonantfrequency shift and the change in the transmission factor when mixed coal and limestone samples are inserted into the cavity provides a means for estimating the percentage of coal in the mixture relatively independent of the balk density of the mixture: The technique might be developed for rapid tests of dust in coal mines to determine whether the 65% noncombustible content requirement is being met for prevention of coal mine explosions.
OCK dusting in coal mines is required to reduce explo; sion hazards by providing at least 65% noncombustible content in the combined coal dust and other dust in the mines [1] . Currently, the noncombustible content is determined by heating processes that burn the coal without decomposing the rock dust. Techniques are needed for rapid reliable determinations of the rock dust content in samples of dust from coal mines.
Measurements of microwave permittivities of pulverized coal and pulverized limestone samples have been used to obtain the permittivities of the solid materials through use of the Landau and Lifshitz, Looyenga dielectric mixture equation [2] . This mixture equation implies the linearity of the cube root of the dielectric constant with bulk density of an airparticle mixture, and the usefulness of the relationship has been demonstrated with a number of materials [3] [4] [5] . At 11.7 GHz and 20 °C, the dielectric constants of dry coal and limestone are 4.2 and 7.6, respectively, while the loss factors are 0.16 and 0.06, respectively [2] . Thus, both components of the relative complex permittivity of coal and limestone rock have significant differences that should be detectable by suitable measurements. Broad-frequency-range measurements of coal and limestone permittivity showed reasonably small variations in dielectric constants between 200 MHz and 20 0Hz with both decreasing somewhat at higher frequencies [6] . Thus, it appeared reasonable to determine proportions of coal and rock dust by measurements of the perniittivities of dust samples. Therefore, resonant cavity measurements have been explored for this purpose.
H. PRINCIPLES
Resonant cavitj measurement techniques are convenient for measuring, the relative dielectric complex permittivity € = e'-jell of materials at single microwave frequencies Here, e' is. referred to as the dielectric constant and c" is the dielectric loss factor: It follows from resonant cavity perturbation theory, that when a dielectric object of low loss, 2 >> E112 , is inserted into the cavity, the change in the resonant frequency A f and the change in the cavity transmission factor AT can be expressed as follows [7] :
fol résnant frequeticy of the empty cavity; Q0 Q-factor of the empty cavity; K shape factor for the dielectric object; v5 volume of the sample (object); v0 volume of the resonant cavity. For the sample configuration used in this study, the shape factor is approximately one.
Use of these equations and the A f/T ratio for measurements on low-loss dielectric objects has shown that desired permittivity-related characteristics of objects can be determined independent of object mass [ 8 ] , [ 9 ] . Thus, the technique can be expected to sense permittivities of powdered samples relatively independent of the bulk density of the powdered materials. This would be an important advantage, since bulk densities of powdered materials vary greatly, depending on settling or packing, and carefully controlling the degree of packing would be troublesome for a practical measurement. -ifi. MATERIALS AND METHODS ., Pulverized samples of Pittsburgh coal and limestone (>90% calcium carbonate), with most particle diameters ranging from 5 to 100 pm, were furnished by the Pittsburgh Research Center, National Institute of Occupational Safety and Health (formerly U.S. Bureau of Mines). Moisture content, determined by drying samples for 24 h at 105'C in an air oven, was 1.4% for the coal and 0.5% for the limestone. Samples of pure coal and pure limestone and mixtures ranging from 10.00% to 80.00% coal, by weight, were prepared for the microwave resonant cavity measurements. A resonant cavity, constructed from L-band (IEC R-22, WR-430) rectangular waveguide for previous work [7] , was connected through 3-cm-diameter coupling holes in the center of brass plates at each end of the cavity and waveguideto-coaxial adapters to a Hewlett-Packard' 8510B Microwave Network Analyzer for the measurements. The cavity, 65.1 cm in length and operating in the TE 109 mode, had 31.75-mm circular openings in the wide walls at the center of the waveguide with 31.75-mm i.d. aluminum sleeves projecting 5.08 cm outside the waveguide walls perpendicular to the longitudinal waveguide axis (Fig. I) . These openings and sleeves were sized to prevent any energy loss from the cavity and provided an opening for samples to be inserted into the cavity.
Powdered samples were held in a 12-mm Pyrex glass tube positioned vertically and extending through the cavity in alignment with the maximum E field at the center of the cavity (Fig. 1) . The glass tube was held firmly in a machined Delrin cap that fitted over the lower cylindrical sleeve, concentric with the bottom opening in the waveguide wall at the center of the cavity, thus holding the glass tube in position in the resonant cavity. 0-rings in the Delrin cap facilitated snug fitting of both the glass tube sample holder and the sleeve projecting from the waveguide to hold the sample precisely in position. The resonant frequency of the cavity with the empty glass-tube sample holder in the cavity was 2.473 GHz.
A reference line 1.27 cm from the top of the glass tube was provided for accurate volumetric determinations for samples held in the tube. Powdered coal and limestone samples were poured slowly into the glass tube sample holder with the aid of a glass funnel. The sample and sample holder, consisting of the 15.9-cm-long glass tube and the Delrin cap, were weighed to 0.01 g for determination of sample mass, the sample was settled to the reference line, and the sample holder assembly was placed in the cavity for the microwave measurements. Then, additional sample material was added, and the whole procedure was repeated several times to provide the number of densities desired for the measurement sequence.
With the network analyzer set for proper ranges of the frequency and the voltage transmission coefficient (S 21 ), the "marker-to-maximum" command provided the coordinates of the peak of the resonance curve both with the sample holder empty and with the sample in place. Thus, the information necessary for the z.f/LT ratio was obtained.
Preliminary measurements on powdered samples of pure coal and limestone and mixtures ranging from 10% to 80% coal showed that the Af/AT ratio was relatively insensitive to the mixture bulk density, particularly at higher percentages of coal in the mixture [ 10 ] . There is some decrease in the f/zT value with increasing density, and that slope increases slightly with increasing limestone percentage [10] .
Therefore, for subsequent measurements, the density of powdered samples was not determined, but a uniform procedure for filling the glass tube sample holder was followed to minimize the remaining influence of sample bulk density. The 12-mm glass sample holder was filled by pouring the powdered samples through a glass funnel. Then the sample holder, consisting of the 12-mm glass tube and the Delrin cap in which it was held, was tapped vertically on the laboratory bench three times before it was placed into the resonant cavity by inserting it through the opening in the lower wide wall of the cavity and raising it until the Deirin cap was seated over the sleeve projecting from the bottom of the cavity waveguide section.
A series of resonant cavity measurements was taken to provide a calibration curve. Powdered coal-limestone mixture samples of 0, 10, 20, 40, 60, 80, and 100% coal, were each poured into the sample holder and inserted into the cavity, after settling as described, five times each, and four measurements were taken with the network analyzer for each of the five replications. This provided 20 measurements at each of seven coal percentages for the calibration. The calibration data were fitted by a least-squares regression technique, by using all 140 data points, to an exponential equation that could be easily used as a calibration equation.
To test the performance of the measurement for determining coal percentage in mixed samples of coal and limestone, additional samples were mixed to provide 30.00 and 50.00% coal samples, and another series of resonant cavity measurements was performed on samples of 10-60% coal by 10% increments. For these performance tests, three replicate measurements were used with five repeated measurements with the network analyzer on each for a total of 15 measurements for each of the six mixture percentages. Predicted coal percentages for each measurement were then calculated according to the exponential calibration equation.
IV. RESULTS AND DiscussIoN
The calibration curve provided by measurements on the calibration data set of coal-limestone mixture samples is shown in Fig. 2 , where the points are the mean values of the 20 measurements at each mixture percentage. The following tractable equation was fitted to the data with high precision, = 0.9991. where 7 -2 is the coefficient of determination
Mention of company or trade names is for purpose of description only
The resonant frequency shift Af, change in the trarismisand does not imply endorsement by the U.S. Department of Agriculture.
sion factor 1ST, and A f/.T ratio, along with the standard deviation of that ratio, are shown for the calibration data in Table 1 . The precision of the measurements is on the order of 1%, rangin g from 0.5 to 2% over the entire range of mixture percentages. Solving (1) for the independent variable-coal percentage in the mixture-provides the following calibration equation:
By using (4), the percentage of coal in the coal-limestone mixture samples for the performance data set can be predicted. Results are summarized for the six different mixtures in the performance data set in Table II . Precision of the repeated measurements was very similar to the figures in Table I and are therefore not included. The mean difference values for the 15 measurements (predicted minus known mixture percentages) represent the bias present for each mixture percentage. The overall standard deviation of the differences for the whole performance data set includes the effect of the bias values at each mixture percentage, and therefore constitutes a standard error of performance (SEP) for this test of the calibration and measurement technique in predicting the mixture percentage from the Af/T determinations with the resonant cavity measurements. This (SEP) value was 1.84%, and the mean bias for all measurements was 0.22%. In this performance test, the range of coal percentage in the coal-limestone mixture was limited to the 10-60% range, because the region of major interest is the 35-65% coal-rock dust ratio at which level the minimum noncombustible content of 65% must be maintained. With calibration over a narrower range than the total range investigated in this study, the accuracy of the coal-rock dust ratio determination Could probably be improved. The 1.8% standard error of performance obtained in this initial study, however, is certainly of interest for practical use. Many other factors must also be considered, including the variation in moisture content of dust samples in the coal mines, temperature variations that might be encountered, etc. The technique warrants further investigation, because the convenience of a rapid mixture-ratio determination, relatively independent of bulk density, offers an attractive advantage in the routine use of a practical instrument which might be developed for testing such powdered samples.
V CONCLUSIONS
The usefulness of a resonant cavity measurement and use of the resonant frequency-shift Af to transmission factor AT ratio for determining the proportions of coal and limestone in pulverized coal-limestone mixtures has been demonstrated. The Af /iT ratio provides a means for this determination relatively independent of the mixture bulk density. Initial calibration and performance testing of the technique at 24°C has shown that the coal percentage in coal-limestone mixtures between 10 and 60% coal can be determined with a standard error of performance of 1.8%. Although further research is required to study the influence of additional factors, the simplicity of the measurement and accuracy demonstrated indicate promise for consideration of development work aimed at practical use of the technique. Further research is required to determine the ultimate suitability of such measurements and the performance that might be achieved with practical coal mine samples.
